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ABSTRACT. The contribution of hydrogen bonding by peptide groups to the conformational stability of
globular proteins was studied. One of the conserved residues in the microbial ribonuclease (RNase) family
is an asparagine at position 39 in RNase Sa, 44 in RNase T1, and 58 in RNase Ba (barnase). The amide
group of this asparagine is buried and forms two similar intramolecular hydrogen bonds with a neighboring
peptide group to anchor a loop on the surface of all three proteins. Thus, it is a good model for the
hydrogen bonding of peptide groups. When the conserved asparagine is replaced with alanine, the decrease
in the stability of the mutant proteins is 2.2 (Sa), 1.8 (T1), and 2.7 (Ba) kcal/mol. When the conserved
asparagine is replaced by aspartate, the stability of the mutant proteins decreases by 1.5 and 1.8 kcal/mol
for RNases Sa and T1, respectively, but increases by 0.5 kcal/mol for RNase Ba. When the conserved
asparagine was replaced by serine, the stability of the mutant proteins was decreased by 2.3 and 1.7
kcal/mol for RNases Sa and T1, respectively. The structure of the Asr 3@r mutant of RNase Sa

was determined at 1.7 A resolution. There is a significant conformational change near the site of the
mutation: (1) the side chain of Ser 39 is oriented differently than that of Asn 39 and forms hydrogen
bonds with two conserved water molecules; (2) the peptide bond of Ser 42 changes conformation in the
mutant so that the side chain forms three new intramolecular hydrogen bonds with the backbone to replace
three hydrogen bonds to water molecules present in the wild-type structure; and (3) the loss of the anchoring
hydrogen bonds makes the surface loop more flexible in the mutant than it is in wild-type RNase Sa.
The results show that burial and hydrogen bonding of the conserved asparagine make a large contribution
to microbial RNase stability and emphasize the importance of structural information in interpreting stability
studies of mutant proteins.

Peptide groups dominate protein structure. They are groups and side chains make up a further 21.3% Thus,
exceptionally polar) but are 82% buried in folded proteins, the hydrogen bonds of the peptide group make a far larger
which is not very different from the 86% observed for the contribution to protein stability than the hydrogen bonds of
nonpolar leucine side chain and considerably greater thanthe side chains. Unfortunately, hydrogen bonds by peptide
the 55% observed for the polar amide groups of asparaginegroups are more difficult to study because they cannot be
and glutamine side chaing)( On average, globular proteins  removed by mutation, and alternative strategies are needed
form 1.1 hydrogen bonds per residue when they fold, and to assess their importance. For example, Lu et4lagd
1.0 of these are by the peptide groups. FhE=0---H— Koh et al. 6) both conclude that the intramolecular hydrogen
N< hydrogen bonds formed between peptide groups makeponds formed by peptide groups make a favorable contribu-
up 68.1% of the hydrogen bonds, and those between peptidéion to protein stability, but Eberhardt and Raines and
colleagues®) conclude that amide-water hydrogen bonds
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thermodynamics of folding of RNase Sa and two close RNase T1 mutants were made as described for the Gly 23

relatives, RNases Sa2 and S&p (RNase Sa is a member = Ala mutant (9).

of the microbial ribonuclease family whose best studied Protein concentrations were determined by use of a molar

members are RNase Ba (also known as barnase) and RNasabsorption coefficient at 278 nm of 12 300" Mcm™* for

T1 (10, 11. The mechanism and energetics of folding of RNase Sa&) and of 19 215 M?! cm™* for RNase T1 20).

RNases Bal2) and T1 (3, 19 have been studied in depth, pH measurements were made on a Radiometer model 83 pH

and these studies have improved our understanding of proteirmeter using a pH calibration based on two pH standards.

folding. RNases Sa, Ba, and T1 have remarkably similar  Stability MeasurementsThermal unfolding curves were

structures in thg-sheet regions near the active sites, but determined by measuring the change in circular dichroism

there are substantial differences in théelices and turns  at 234 nm for RNase Sa and at 244 nm for RNase T1 of

(9). ~0.1 mg/mL solutions in 1 cm cuvettes with an Aviv 62DS
There is a conserved asparagine in RNases Sa (Asn 38)¢ircular dichroism spectrophotometer. The temperature was

T1 (Asn 44), and Ba (Asn 58). This residue is buried in a increased from 5 to 82C in 1°C increments (equilibration

hydrophobic cluster and anchors a loop on the surface oftime = 1.5 min, bandwidth= 1.0 nm, and time constant

the enzymes by forming hydrogen bonds with the carbonyl 10 s). A nonlinear least-squares analysis was used to fit the

O and amide H of a peptide group as shown below in Figure thermal denaturation data to

2. The hydrogen bonding of the peptide group of this

conserved asparagine is important to the specificity of ¥ = {0 T M{T]) + (v, + m[T]) exp[(AH/RT)((T —

substrate bindingl), and as shown here, the side chain THTIAL+ exp[AH/RT(T - TH)THIF (1)

makes an important contribution to stability. We report

studies of the conserved asparagine to alanine, serine, andvhere y; + m(T] and y, + mJ[T] describe the linear

aspartate mutants of RNases Sa and T1. These results ardependence of the pre- and posttransitional baselines on

compared with studies of the Asn 58 Ala and Asp mutants  temperatureAHr, is the enthalpy of unfolding af,, and

of RNase Ba previously reported by the Fersht laboratory Tmis the midpoint of the thermal unfolding curv2lj. Curve

(16). Our primary goal was to reach a better understanding fitting was performed with MicroCal Origin curve-fitting

of the contribution of hydrogen bonding, especially by software (MicroCal Software, Inc., Northampton, MA). The

peptide groups, to protein stability. reversibility of thermal denaturation was shown to be greater
than 95% in all cases.
MATERIALS AND METHODS Urea denaturation curves for RNase T1 were determined

_ ) . as described2?). A nonlinear least-squares analysis was
Materials Vent polymerase used in the polymerase chain ;e to fit the data to

reaction (PCR) was from New England Biolabs. All

enzymes for the manipulation of DNA were from Promega y = {(y; + m{D]) + (y, + m,[D]) exp[m([D] —

Corporation. Taq polymerase cycle sequencing kit was from _

Perkin-Elmer Corp. Oligonucleotides were made at the 40 (Dl )/RTHL + expim(D] — [Bl.,/RT} (2)

nM scale by Gene Technologies Laboratory at Texas A&M \yhere y represents the observed fluorescence intensity

University and were used without further purification. Al ,a5sured at 320 nm after excitation at 278 nm with an SLM

other reagents were of analytical grade or better. AB2 fluorescence spectrophotometaf, and y, are the
Proteins. Wild-type and mutant forms of RNase Sa were jntercepts andn and m, are the slopes of the pre- and

expressed in the periplasmic spacefofcoli by using the  posttransition baselines, [D] is the urea concentration,{D]

PEH100 expression vector and purified as described previ- js the urea concentration at the midpoint of the curve, and

ously @). For the expression of the RNase Sa mutants, am is based on the linear extrapolation model described by

higher level of IPTG (1 mM) was required for maximum eq 3 @1). Urea denaturation curves were determined over

protein expression. Mutants of RNase Sa were made by thethe pH range 2.58.0 with the following buffers: diglycine

four-primer PCR overlapping extension techniqli®( PCR pH 8, MOPS pH 7, MES pH 6:55.5, formate pH 5.63.5,
amplification included the phoARNase Sa gene fusion and glycine pH 3.6-2.0.

between th&coRI andXbd cleavage sites in pEH100. PCR  Structure Determination The Asn 39— Ser mutant of
reactions contained 20 pmol of each primer, 10 ng of pEH100 RNase Sa was crystallized from a solution containing 10 mg/
target sequence, 200 mM dNTPs, and 2.5 units of Vent mL of protein in 0.1 M Tris-HCI buffer at pH 8.0. As a
polymerase and were performed in J@0reaction volumes.  precipitant, PEG 6000 at a concentration of 12% in the drops
The thermal cycler profile was 92C (1.5 min), 72°C (2 and 25% in reservoir was used. For diffraction quality
min) for 1 cycle, followed by 25 cycles of 91C (1.5 min),  crystals, microseeding in hanging drop vapor equilibration
72 °C (2 min), and then a 7.0 min extension period at 72 was used. The crystals are in space grBg2,2; with unit
°C. Putative mutants were cloned into tBeoRI and Xba cell dimensionsa = 41.49 A,b = 46.65 A, andc = 51.65
sites in the vector pEH101. Vector pEH101 is a cassette A, Data were collected at room temperature from a single
vector designed to allow easy cloning of putative PCR crystal using a Rigaku RU200 rotating anode with GuK
mutants. This vector is identical to pEH100 except that it radiation. The data were processed with the program
lacks the RNase Sa gene. The vector pEH101 was create®ENZO (23), and details are given below in Table 3. The
by cloning theSma/Hindlll fragment containing only the  structure was solved using the AMoRe program package (
functional barstar gene from pEH100 into pKK223 (8). with the RNase Sa coordinates 1RGG from the Brookhaven
The Asn 44— Ala RNase T1 mutant was prepared as Protein Data Bank as a search modeb, 2§. The
described previously1l8). The Asn 44— Asp and Ser maximum likelihood program REFMAQCY{) was combined
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Wlth an automated refinement procedurg AFH%)( The Table 1: Parameters Characterizing the Thermal Unfolding of
initial R factor was 36%. Eight hundred ninety-five (7.5%) RNases Sa and T1 and Three Hydrogen-Bonding Mutants at pH 7.0

of the reflections were used fé¥ee cross-validation Z9). in 30 MM MOPS Buffe?
Refinement against all data in the final step converged with T.b AT,  AH.O AS,¢ A(AG)!
an R of 17.6%, Table 3. There are one protein molecule (°C) (°C) (kcalmol!) (cal mol'*K™*) (kcal mol™)
and 95 water molecules in the asymmetric unit. In the wild- RNase Sa
type structure, almost all of the residues are well-defined Wwild type 48.4 92.4 287
with low B factors, but in the mutant the loop containing ﬁzﬂ gg: éZ‘r’ i%‘i Z‘% %33% 2221 122
Ser 42 has higli factors, reflecting a degree of flexibility  asn39—Aa 408 7.6 70.4 224 22
in this region. RNase T1

Hydrogen Bonding and Accessibility AnalyseSolvent- wild type 50.8 96.6 298
accessible surface area (ASA) and the hydrogen-bondingAsn44=Asp 453 5.5 84.2 264 16
interactions in RNase Sa were analyzed with the program 222 ﬁ: ig fgg 5520 88386 227821 1165

pfis—PDB file information software (Eric J. Hebert, Texas 2 Tm and AHm, were obtained by using nonlinear least-squares to fit
A&M Unlvers!ty, Cpllege Station, TX). Qur version Qf the thermmal denatSration curves to equZX.gl'he error is estimgted to be
ASA calculations inpfis uses a Pascal implementation of (504 forT,, and+ 5% for AHy, ® T, = T WhereAG = 0. ¢ AT, =
the algorithm of Lee and Richard8Q)written for an SGI Towt — Tmmue @ AHm = enthalpy of unfolding affm. © ASy = AHn/
Indigo Extreme workstation, which is similar to the program Tm. "A(AG) = ATnASnuw (73). The error in theA(AG) values is
ACCESS. The atomic radii of Richard31), a water probe ~ estimated to bet10%.
radius of 1.4 A, and a slice width of 0.25 A were used for . _ _ .
all calculations. protein—solvent hydrogen-bonding pairs, two separate condi-

To determine the hydrogen-bonding interactions, hydrogen tions were considered. For in@eractions in_ which the donated
atoms were added to the PDB X-ray crystal coordinate setshydrogen was from the protein, an HA distance<f.6 A
of RNase T1 (9RNT), RNase Ba (LRNB), RNase Sa (1RGG), Was used, but for hydrogen-bonding pairs in Whl(.Ih the
and N39S RNase Sa (1BOX) using the Insightll Biopolymer hydrogen was donated from a water molgcule, DA distance
module (Biosym Technologies). Nitrogen atom to hydrogen ©f <3.6 A was used. (2) Hydrogen-bonding geometry was
atom, oxygen atom to hydrogen atom, and carbon atom to€valuated for_each retained hy_dro_gen-bondmg pz_;urfrom step
hydrogen atom distances used were 1.03, 1.03, and 1.09 A°ne. Two different angle criteria were examined. The
respectively. For planar nitrogens in the peptide backbone donor-hydrogen-acceptor atom angle (DHA angle) was
and in the side chains of Arg, Asn, GIn, His, and Trp, the required to be between 9@nd 180. Acceptable values
hydrogen atoms were positioned in the plane of the nitrogen for the second angle depended on the type of acceptor
and on the line bisecting the acute-Xitrogen-X atom involved in the hydrogen-bonding pair. (a) For*dybrid
angle 82). For His residues, hydrogen atoms were added orbltgl acceptors, th.e backbone carbonyl, the oxygen accep-
to both the M1 and N2 atoms in the same manner, and toOrs in the side chains of Asn, Gin, and Tyr, and thi=
each was checked for donor and acceptor potential. For the@cceptors in His, the hydrogemcceptor-antecedent accep-
N-terminal nitrogen and the lysine Natoms, an sp tor atom angle (HAAA angle) was required to be in the range
hybridization orbital was used and hydrogen atoms were 90—180. (b) For sg hybrid orbital acceptors, the hydroxyls
positioned at gauchegauche, and trans positions@). For ~ Of Ser and Thr, the HAAA angle was required to be in the
the Ser and Thr side chains, the hydrogen-bonding potential’ange 66-180° (32, 33. A hydrogen-bonding pair was
for the hydroxyl side chain was sampled in the gadche retalne_d if both the DHA and HAAA angles were within
gauche, and trans position8@). For Tyr residues, the &- the defined ranges. Angle yalues were not eva[uated for all
OH bond has partial double-bond character, and thushydrogen-bonding pairs with water. For protesplvent
hydrogen atoms were sampled for hydrogen-bonding interac-nydrogen bonding pairs with a protein donor, the DHA angle
tions using an sphybridized OH atom and dihedral angles Was determined, but the HAAA angle was not determined
of 0 and 180 in the plane of the phenyl ring32, 33. due t.o.the Iack_ of an antecedent acceptor atom. In the
Hydrogens were not added to crystallographically resolved "émaining proteir-solvent hydrogen-bonding interactions
water molecules. All water molecules were retained in the involving solvent donors, neither the DHA angle nor the
coordinate sets to which hydrogen atoms were added. HAAA angle was calculated.

Intra- and intermolecular hydrogen bonds in the coordinate RESULTS
sets were identified witlpfis. Hydrogen-bonding criteria
are similar to criteria used in previous hydrogen-bonding Thermal Denaturation We have shown typical thermal
analyses3, 32, 34, 3%. For each protein, hydrogen bonds denaturation curves for RNase 33 énd RNase T136)
were identified using the following steps. (1) Distances and have demonstrated that both proteins unfold reversibly
between all potential donors and acceptors were evaluatedby a two-state mechanism. Thermal denaturation curves
For a protein-protein hydrogen bonding pair, the pair was were determined for each of the mutants of RNases Sa and
retained if the hydrogen atom to acceptor atom distance (HA T1, and the data were analyzed as described above. The
distance) was<2.6 A or the donor atom to acceptor atom results are presented in Table 1. These data were used to
distance (DA distance) was3.6 A. This is more lenient  estimate the difference in stability between the wild-type
than the commonly used criterion &f3.5 A for the DA protein and the mutanta(AG) = AG(wt) — AG(mutant),
distance so we generally find more hydrogen bonds pifith and these values are also given in Table 1. A positive
than with the HBPLUS program of McDonald and Thornton (AG) value indicates that the mutant is less stable than wild
(35 or the HBOND program of Stickle et al3). In type. In addition, thermal denaturation curves were deter-
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Table 2: Parameters Characterizing the Urea Unfolding of RNase
T1 and Three Hydrogen-Bonding Mutahts

Table 3: Data Collection Parameters and Model Properties for the
Asn 39= Ser RNase Sa Mutant

[ureal, m(calmort AG(H, 0P A(AG)® (A) Data
RNase T1 (M) MY (kcal/mol)  (kcal/mol) resolution range (A) 1491.6
pH = 79 unique reflections 12724
wild type 5.20+£0.02 1170+44 6.09+£0.23 overall outer range (1.631.60 A)
Asn 44— Asp 3.54+0.04 1251+60 4.43+0.27 2.0+0.2 o
Asn 44— Ser 3.60+0.02 1220£58 4.39+0.19 1.9+ 0.2 ;c(’lr;“p'et(?,z)ess (%) 5 32.1 4751'1
Asn 44— Ala 3.51+0.04 1174+42 4.12+0.16 2.0+0.2 feree : y
Io(l) 30.1 1.9
H=27 -
wild type 3.75 P 1636 6.13 (B) Model Statistics
Asn 44— Asp 3.45 1656 5.71 0501 R factor Riree
a[urea},, andm were obtained by using nonlinear least-squares to no. of reflections 11829 895
fit urea denaturation curves to eq2AG(H-0) = m[ureal.. ¢ A(AG) refinement residual (%) 17.8 21.8
= Alurea}sm,, whereAfurea},, = [urea}(wild type) — [urea}- final R (all reflections) (%) 17.6
(mutant). At pH 7,myy = 1204+ 39 cal moft M~% At pH 2.7,my, = REFMAC coordinate esd (A) 0.084 0.093
1646+ 14 cal moft M=%, 91n 30 mM MOPS_bqffer. The values given o deviation parameters
are the average resultst(standard deviation) from three urea -
denaturation curve€.n 30 mM glycine buffer. Urea denaturation  bond lengths (£2 neighbors) (A)  0.020  0.023 755
curves were determined as a function of pH between pH 2 and 7 and Planar torsion angles (deg) 7.0 6.1 98
these are the interpolated values for [uggandm at pH 2.7. averageB values (&)
n_1ain che_lin 23.0
mined for wild-type RNase Sa and the Asn-39Asp mutant side chain 26.1
waters 39.7

in the pH range 1.52.5. They show thaA(AG) = 1.0+
0.2 kcal/mol at pH 2.0. Thus, the decrease in stability for
Asn 39= Asp is smaller when the carboxyl is protonated
and uncharged than when it is charged.

Urea Denaturation The urea denaturation of RNase T1
and all of the mutants studied to date is reversible and closely
approximates a two-state folding mechanidi@, (36. Urea

denaturation curves for RNase T1 and the three mutants of

Asn 44 reported here were determined in 30 mM MOPS
buffer at pH 7 and analyzed by the linear extrapolation model

©)

wherem is a measure of the dependenceAd® on urea
concentration andhG(H;0) is an estimate of the conforma-
tional stability of the protein that assumes that the linear
dependence oAG on urea concentration in the transition
region extendsa 0 M urea 87, 39. The results are
presented in Table 2. In addition, for wild-type RNase T1
and the Asn 44> Asp mutant, urea denaturation curves were
determined as a function of pH in the range-2850. These
data were used to calculatg AG) values as a function of
pH. Analysis of these pH data as described elsewlZ3e (
40) shows thatA(AG) (pH < 3) = 0.49 4+ 0.05 kcal/mol,
A(AG) (pH > 7) = 1.93+ 0.1, and Asp 44 has &Kp= 5.7
+ 0.1 in the folded protein and 44 0.1 in the unfolded
protein. TheA(AG) values are in good agreement with the
results at pH 7 and pH 2.7 given in Table 2. Thus, the
(AG) values for RNase T1 are smaller when Asp 44 is
uncharged than when it is charged, and the difference is
larger than for RNase Sa.

Structure of the Asn 39> Ser mutant The structure of
the Asn 39— Ser mutant was determined by X-ray

AG = AG(H,0) — m[urea]

The differences in the surface loop around Arg 63 are caused
by crystal contacts and are comparable to those seen in a
series of structures of RNase Sa, in which there are two
molecules in the asymmetric uni2%). There are major
differences near the mutation site especially at residues 39
43 and at GIn 47 and Ser 48. The largest difference is 3.4
A for the Co. of Ser 42. The changes in conformation giving
rise to these differences are discussed below. The average
B factors for the main-chain and side-chain atoms are shown
in Figure 1B,C. They reflect the increased flexibility/disorder

in the loop near the site of the mutation. The first residue,
Asp 1, and the side chains of Arg 40 and Glu 41 are
disordered and not included in the structure.

DISCUSSION

Hydrogen-Bonding Mutantsin an unfolded protein, most
of the polar groups will be hydrogen-bonded to and loosely
surrounded by water molecule&l( 42. In afolded protein,
most of the polar groups will form at least one intramolecular
hydrogen bond3, 35, and are tightly surrounded by the
polar and nonpolar groups that make up the inteBdr, 43.
An important question is whether the free energy of the polar
groups is lower in the unfolded or the folded protein. Some
insight can be gained by considering the model compound
data shown in Table 4. The dehydration that accompanies
the transfer of an uncharged, polar group from water to the
vapor phase is energetically expensive. For transfer to
cyclohexane, the cost is much less. This shows clearly that
van der Waals interactiongl4) between the polar groups
and cyclohexane are favorable and lower the free energy of
the polar group. The van der Waals interactions will be even

crystallography as summarized in Table 3 (accession numberstronger in a folded protein because the packing is much

1BOX in the Brookhaven Protein Data Bank). Superposition
of the Asn 39— Ser mutant structure on wild-type RNase
Sa (1RGG) based on 84oCatoms gave a maximum
displacement of 0.46 A and rms of 0.22 A. Twelve.C
atoms for which the difference was greater than 0.5 &) (2
were excluded. The differences in positions of tled@oms
are shown as a function of residue number in Figure 1A.

tighter than in water or cyclohexané3d, 45. For transfer

into octanol, the cost drops even more because now the polar
groups can form hydrogen bonds with octanol and the 3.4

M water that this phase contains. AfG, from cyclohexane

to octanol is assumed to reflect just hydrogen-bonding, the

contribution is 1.4 (peptide), 1.6 (amide), 1.0 (TyOH),

and 1.3 (OH) kcal/mol per hydrogen bondl§). These
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The approach used here is to compare the stability of wild-
type proteins containing a hydrogen-bonded asparagine with
mutants in which the polar group has been removed (alanine)
or replaced (serine and aspartate). For the asparagine to
alanine mutants, both the van der Waals interactions and the
intramolecular hydrogen bonds of the polar group are lost,
and a hydrogen-bonding partner may be left with unfilled
hydrogen bonds. For these mutations, changes in the
contribution of the hydrophobic effect and conformational
entropy of the side chain would be expected to stabilize the
mutant @7). The size of the potential cavity is large for the
asparagine to alanine mutation, 37.34 @&7). The size of
the cavity is important for several reasons: (1) there is an
energetic cost to pay for creating a cavigg); (2) global
conformational changes are more likely for larger cavities
(49); and (3) the entry of water molecules;12 A3, will
depend on the size and polarity of the cavi#g)( All of
these factors must be considered in interpreting the results
presented and have been discussed in more detail previously
(47).

Consered Asparagine Residue in RNases Sa, T1, and Ba.
The asparagine residue considered here is conserved in 16
of 19 microbial RNases. In the species where the asparagine
is not conserved, it is replaced twice by aspartate and once
by alanine 9, 50. The residue is buried in a hydrophobic
cluster in a loop on the surface of the RNases, and the amide
group forms hydrogen bonds with a peptide group (Figure
2 and Table 5). In RNase Sa, Asn 39 also forms hydrogen
bonds to two water molecules and is completely hydrogen-
bonded (Figure 2A). In RNase T1, a third intramolecular

: hydrogen bond to the OH group of Tyr 42 (2.97 A) replaces
the wild-type RNase Sa (1RGG) and Asn-39Ser structures based : .
on least-squares minimization of distances between @4toms. the hydrogen bond to the water molecule in RNa_lse Sa (Figure
Twelve atoms were excluded from superposition as the differences2B). In RNase Ba, the conserved asparagine forms no
in their Co. positions were larger than 0.5 A. The maximum additional intramolecular hydrogen bonds, and there are no

difference was 3.44 A for Ser 420C (B) Plot of average thermal  hydrogen bonds to water molecules (Figure 2C). A ;CH
parameter® (angstromd for the main-chain atoms. (C) Plot of

average thermal paramet@&gangstrom? for the side-chain atoms.

The increase oB values around residue 39 reflects a higher

flexibility and/or a degree of disorder in this region.

Table 4: Polar Groups in Proteins

group from the side chain of Lys 62 takes the place of the
buried water molecule in RNase Sa and the Tyr 42 -OH
group in RNase T1. Thus, the hydrogen bonds between the
conserved asparagine residue and a peptide group in the three
proteins are very similar and provide a reasonable model
for peptide-peptide hydrogen bonds. However, the other

AG® (kcal/mol) av no. HB% _ X _ _ i
olar arou ~abor CH oct %buied ©  H_ interactions of the conserved asparagine residues differ and
p_ group P > this provides information on the context dependence of the
peptide 11.7 64 11 82 116 094 A(AG) values. TheA(AG) values for the replacement of
amide (Asn,GIn) 112 7.6 14 55 125 1.35 f . .
_OH (Tyr) 71 31 11 67 052 106  these conserved asparagine residues in RNases Sa, T1, and
-OH (Ser, Thr) 61 44 06 61 0.88 1.40 Ba with alanine, serine, and aspartate are given in Table 5.

a AGy values for the transfer of the polar groups from water to vapor,

Asparagine to Alanine MutantsConsider first what would

cyclohexane, and-octanol; average percent buried; and average number be expected for this substitution if the amide group were
of hydrogen bonds formed in folded proteins are showrhe AG
values are from the following sources: water to vap@®) water to
cyclohexane (CH)74); water ton-octanol (oct) 75). The calculations
were described previously§). ¢ The percent buried is for -CO-NH-

for the peptide group, for -CO-NtHor asparagine and glutamine, and

completely buried, and no conformational change occurred
in the mutant so that a 373%kavity was formed. Xu et al.
(48) estimate that the cost of cavity formation is 22 cal/A
so this would amount to 0.8 kcal/mol favoring wild-type

for -OH for tyrosine, serine, and threonine. These results are based onRNase Sa. The differences in hydrophobicity and confor-

the structures of 61 proteing)( ¢ The average number of hydrogen

mational entropy between the side chains both favor the

bonds formed as an acceptor (O) and as a donor (H) is based on themytant and amount 2.2 kcal/mol ¢7). Thus, an increase

structures of 57 proteins3%).

in stability of 1.4 kcal/mol would be expected, but the
observed changes in stability are @dicreasesanging from

model compound data show that the most important forces1.8 to 2.7 kcal/mol (Table 5). This shows that the van der
that have to be considered are van der Waals interactionsWaals and hydrogen-bonding interactions of the amide
and hydrogen-bonding. Electrostatic interactions that are groups are more favorable in the folded than the unfolded
longer range than hydrogen bonds will make a smaller protein and that the conserved asparagine makes a substantial
contribution. contribution to the stability of the microbial RNases.
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Table 5: A(AG) Values for Asparagine to Alanine Mutants of
Asparagines Hydrogen-Bonded to Peptide Groups

A(AG) (kcal/mol)

Asn  buriedt DAP Ala Ser AspfE) Asp(0)
Sa 39 94  2.91,3.09 X223 1.5 0.9
T144 85  2.90,3.16 (2.97) 817 1.& 05
Ba 58 97 2.97,3.16 297 -0.9
Ba 84 91 2.94,3.21 (3.49) 20
T181 100 2.99,3.19,2.96 (2.95) 2.9
BPTI 43 100 2.77,3.04, 2.84 5.0
SN 100 100 2.85, 3.47, 2.99 5.1
SN 118 95  2.96,2.82 1.7

a Percent buried for the amide group in the wild-type protein. Crystal
structures: RNase Sa (1RGG), RNase T1 (9RNT), RNase Ba (1RNB),
bovine pancreatic trypsin inhibitor (BPTI) (7PTIl), and staphylococcal
nuclease SN (1STN}.DA = donor to acceptor atom hydrogen-bond
distance in angstroms calculated witfis as described in Materials
and Methods. The asparagine amide to peptide hydrogen bond distances
are given first, followed in parentheses by the asparagine amide to side
chain hydrogen-bond distancésA(AG) values for RNase Sa from
Table 1.9 A(AG) value from thermal denaturation curves determined
at pH 2, as described in Results. At pHT2, = 28.0°C andAH, =
58.8 kcal/mol for wild type and, = 23.3°C andAH, = 50.3 kcal/
mol for N39D.® A(AG) values for RNase T1. The values for Asn 44
= Ser and Asp are the average of the values from Tables 1 and 2. The
value for Asn 44— Ala is the average of five values: 2.03 kcal/mol
(Table 2) and 2.08 kcal/mollLB) from urea denaturation curves, 1.55
kcal/mol (Table 1) and 1.86 kcal/mol®) from thermal denaturation
curves, and 1.64 kcal/mol from DSC experiments (K. Gajiwala,
unpublished results). These givg(AG) = 1.83 £+ 0.23 kcal/mol.
fA(AG) value from Table 2 and as described in ResdIfS(AG) values
for the Asn 58 and 84 mutants of RNase Ba are from Serrano et al.
(16). " A(AG) value from Shirley et al. 18). ' A(AG) value from
Goldenberg et al.7g). | A(AG) value from Green et al7().

mutant proteins, as expected under the assumption that no
conformational changes occur. The difference in volume
between an asparagine and serine side ché8,A3, is large
enough to create a cavity in the mutant that would allow
water molecules to enter and hydrogen-bond to-tkiH of
the serine. In fact, when the structure of the Asn=3%er
mutant was determined, some surprising changes in the
Ficure 2: Hydrogen bonding of the conserved asparagine residue conformation near the site of the mutation were observed
in RNases Sa (A), T1 (B), and Ba (C). (Figures 3 and 4). This illustrates the hazards involved in
Also included in Table 5 arA(AG) values for five other ~ attempting to interpret the results of stability studies in the
largely buried asparagine residues that form hydrogen bondsabsence of structural information.
with peptide groups much like those formed by the conserved In wild-type RNase Sa, the side chain of Asn 39 forms
asparagine residue in the microbial RNases. The observedwo intramolecular hydrogen bonds to the main-chain O and
A(AG) values for the eight mutants range from 1.7 to 5.1 N atoms of Leu 44 and two hydrogen bonds to water
kcal/mol, and this corresponds to a range of-Ql67 kcal/ molecules (Figure 2A and 4A). By replacing the asparagine
mol net stabilization per intramolecular hydrogen bond. The with serine, we hoped to see how the hydrogen-bonding and
structure of the Asn 43> Gly mutant of bovine pancreatic  stability would be changed in the mutant enzyme. The
trypsin inhibitor (BPTI) has been determinefl). The position and side-chain conformation of Ser 39 in the mutant
mutant structure is almost identical to that of wild-type BPTI differs substantially from that of Asn 39 in wild type (Figures
except for the creation of a crevice at the site of the mutation. 3 and 4). The Ser 39 side chain points in a different
The three amidepeptide hydrogen bonds in wild type are direction, and the @ forms hydrogen bonds to two waters
replaced by waterpeptide hydrogen bonds in the mutant. Wat 27 and Wat 86. Wat 86 is almost completely buried
Thus, this is much like the situation described above, and and forms hydrogen bonds with the backbone N and O of
the A(AG) = 5.7 kcal/mol. It is clear from these results GIn 47. Wat 27 forms a hydrogen bond with the backbone
that the burial and hydrogen-bonding of peptide groups doesO 47 and two water molecules Wat 8 and Wat 74. Water
not just “break even” but that it makes a large favorable molecules Wat 86, Wat 27, and Wat 8 are structurally
contribution to protein stability. equivalent to Wat 20, Wat 21, and Wat 1 in wild-type RNase
Asparagine to Serine MutantsThe A(AG) values for the Sa but have moved 0.83, 0.62, and 0.18 A, respectively. The
asparagine to serine mutants are remarkably similar to thoseresulting H-bond network is similar in the two structures.
for the alanine mutants (Table 5). This suggested that the All waters are fully occupied and their thermal factors are
serine does not form intramolecular hydrogen bonds in the well below the average in each structure except for Wat 86,
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Ficure 3: Stereoview of the structure of the main chain and side chains of the Asn 38r mutant of RNase Sa (light gray) overlapped
on the wild-type structure (dark gray) near residue 39. Figure was created with MOLSCRPT (

A

Val43

Leud4

W86 8-
S \W2l.ewT4

®ws

Ficure 4: Stereoviews of wild-type RNase Sa around Asn 39 (A) and of the Asr 32r mutant around Ser 39 (B) showing differences
in the hydrogen-bonding network. Figure was created with MOLSCRIR]. (

which is slightly higher than the average. The new orienta- the side chain to partially fill this potential cavity and waters
tion of the Ser 39 side chain would create a cavity, but the Wat 60, Wat 79, and Wat 28 disappear (Figure 4B). There
peptide bond of Ser 42 changes its conformation allowing is residual electron density in the mutant structure at the
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position equivalent to Wat 79, which probably represents a probably contributes to the stability of the RNase Ba mutant.
solvent molecule present at partial occupancy. The C Since asparagines occupy a volume about 1@r&ater than
moves 3.4 A and the, i, andy angles change from 59,3 aspartates4b), steric effects might contribute to the differ-
35.9, and—158.4 in wild-type RNase Sa te-86.0°, 176.0, ences in stability. Thus, the asparagine to aspartate mutation
and 71.0 in the Asn 39— Ser mutant. The Ser 42yGorms at the conserved asparagine is destabilizing in RNase Sa and
three intramolecular hydrogen bonds with the backbone RNase T1 but stabilizing in RNase Ba, and the difference is
amides of Leu 44 (3.11 A) and Val 43 (3.22 A) and the probably due to a combination of effects. These results will
carbonyl O of Ser 39 (2.74 A) to replace the three hydrogen provide a good test for the various computational methods
bonds to water molecules in wild-type RNase Sa (Figure 4). that are used to estimate the contribution of electrostatic
There are no new water molecules in the cavity, which has interactions to protein stability56—59).

instead been largely filled by the Ser 42 side chain. Thus, Concluding Remarks.Almost all experimental studies
the substitution of serine for asparagine at position 39 causesndicate that the intramolecular hydrogen bonds that proteins
a significant conformational change resulting in a rearrange- form on folding contribute favorably to protein stabilits, (
ment of the proteir-protein and proteirsolvent hydrogen- 5, 18, 47, 66-69), but theoretical studies suggest that they
bonding network. When a hydrogen-bond inventory is done do not 67, 70-72). The results reported here show that
(52), there is a net loss of two hydrogen bonds: the seventhe hydrogen bonds between a conserved asparagine side
hydrogen bonds in wild type (two intramolecular and five chain and a neighboring peptide group make a large
to water molecules) are replaced by five in the mutant (two contribution to the stability of the microbial RNases. The
intramolecular and three to water molecules). The loss in A(AG) values vary, but this is expected because there are

stability is~1.1 kcal/mol per hydrogen bond, similar to what
is observed in other hydrogen-bonding mutatiof®),(but

it is clear that the change in stability is the net effect of
several contributing factors.

Asparagine to Aspartate Mutant$-or these mutants, the
pK of the aspartate is important. An amide group can donate
two hydrogen bonds, but a carboxyl will be able to donate
only one at low pH where the carboxyl is protonated and
none at high pH where the carboxyl group is ionized. We
were able to obtain an estimate of thi pf the carboxyl
group in the Asn 44= Asp mutant of RNase T1 as described
in Results. The K = 5.7 + 0.1 in the folded protein and
4.6 &+ 0.1 in the unfolded protein. The unfolde& wvalue
is higher than the I = 4.1 expected for aspartate residues
in peptides and unfolded proteins, probably because of the
neighboring arginine residud3—55). The folded K value
is higher than the averag&p= 2.7 observed for aspartate
residues in folded proteinss§). This is not surprising
because this largely buried site was not designed for a
carboxyl group, and the hydrogen bonding is unlikely to be
optimal. As expected, th&(AG) values are smaller at low
pH where less hydrogen bonds will be lost for both RNases
Sa and T1 and a charge is not buried (Table 5). At high pH

where the carboxyls are ionized, the asparagine to aspartate 3.

mutants are 1.5 and 1.8 kcal/mol less stable than wild-type
for RNases Sa and T1, respectively, but 0.5 kcal/mol more
stable for RNase Ba. This probably reflects the fact that

less hydrogen bonds are lost for RNase Ba than for RNases
T1 and Sa (Figure 2) and suggests that the hydrogen bonds

to the water molecules make substantial contributions to the
stability in RNases T1 and Sa. Any gains in hydrogen-bond

strength from the presence of a negative charge on the
aspartate carboxyl are not enough to overcome the loss of
the hydrogen bonds in the case of RNases T1 and Sa, but

this may account for the increase in stability observed with

RNase Ba. For the three microbial RNases that do not have
an asparagine at this position, two have aspartate. Are there

any positive charges nearby to interact with Asp 58 in this
RNase Ba mutant? The Asn 58 amide group is 4.5 and 4.8
A from the Ny1 and Ny2 groups of Arg 59 and 6.0 A from
N¢ of Lys 62. In contrast, there are no positively charged
groups within 5 A of theconserved asparagines of RNases
Sa and T1. Thus, a favorable electrostatic interaction

differences in hydrogen bonding and the environment of the
conserved asparagine residues in the three proteins. This
suggests that therl hydrogen bond per residue formed by
the backbone when a protein folds will make a large
favorable contribution to protein stability. It will require
high-resolution structural information and improvements in
the theoretical approaches to sort out the relative contribu-
tions from intramolecular hydrogen bonds, intermolecular
hydrogen bonds to water molecules, unfilled hydrogen bonds,
and van der Waals interactions to the obse®xéNG) values.
Only when computational approaches can predict confor-
mational changes such as that observed with the Ast»39
Ser mutant of RNase Sa will we have a good understanding
of protein stability.
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